BACKGROUND The pulse oximeter measurement pleth variability index (PVI) can detect hypovolaemia during positive pressure ventilation.
Introduction
Ventilation-induced variations in the plethysmographic wave amplitude measured with pulse oximetry can serve as an index of hypovolaemia during positive pressure ventilation. Controlled positive pressure ventilation slightly reduces venous return to the heart and ultimately the outflow of blood from the heart, and this may be exaggerated in hypovolaemic states. A respiratory mode that produces synchronous variations in haemodynamics can be assessed by invasive monitoring of the arterial pressure. The dynamic index pulse pressure variation correlates strongly with the amplitude variation of the pulse oximetry signal, 1, 2 something that offers the intriguing possibility of noninvasively assessing hypovolaemia. 3 Such an analysis is helped by an automated standard function called the pleth variability index (PVI) in one commercially available pulse oximeter. This relies on the variation in pulse wave amplitude induced by variations in intrathoracic pressure. The PVI is an automatic measure of the dynamic changes in the perfusion index that occur during a complete respiratory cycle.
Most studies evaluating dynamic pulse oximeter indices such as the PVI have been made with closed-chest, controlled ventilation with a tidal volume of at least 7 to 8 ml kg À1 and sinus rhythm. 4 The use of PVI during spontaneous breathing is often questioned as the low and variable tidal volumes do not produce an interaction between the breathing and the circulation that is as stable as the interaction during controlled positive pressure ventilation. 4 Nevertheless, there are a few studies suggesting that the PVI could be of value in detecting haemodynamic changes even during spontaneous breathing. [5] [6] [7] With controlled positive pressure ventilation, the PVI is significantly affected by tidal volume and positive endexpiratory pressure (PEEP). 8 We hypothesised that PEEP and/or tripled tidal volume would increase the ability of the PVI to detect haemodynamic changes in spontaneously breathing volunteers. Our aim was to investigate whether one or both of these manipulations could allow noninvasive recognition of a hypovolaemic state using the PVI in spontaneously breathing individuals in a manner that might have clinical applications.
Methods

Ethics
Ethical approval (Dnr 2011/281-31) was provided by the Regional Ethical Board at Linkö ping University, Linkö ping, Sweden, on 10 August 2011. Written informed consent was obtained from all participants in the study.
Participants
Male and female volunteers without heart or pulmonary disease, age 18 to 27 (mean 21) years were recruited. Exclusion criteria were smoking and medication affecting the cardiopulmonary system.
Procedure
The volunteers refrained from alcohol and caffeine for 24 h and ingested 1 l of water in the evening before the study to compensate for possible dehydration. They did not eat or drink for 2 h before the experiments, which were carried out in the Department of Physiology at a stable room temperature of 248C.
Lower body negative pressure
When the experiments started, volunteers were placed in the supine position and the lower part of the body up to the level of the iliac crest enclosed in an airtight box with a seal fitted hermetically around the waist. The box was connected to a vacuum source, permitting stable and defined negative pressure to be produced within 5 s (lower body negative pressure, LBNP). The LBNP applied was continuously measured with a manometer (DT-XX Disposable Transducer; Viggo Spectramed, Helsingborg, Sweden). After 30 min of rest to achieve a haemodynamic steady state, baseline recordings in each series were carried out in the normal state after 5 min of absolute rest. A hypovolaemic state was then induced by applying an LBNP. An LBNP of 40 mmHg (LBNP 40 ) was initially applied and maintained for 8 min. The LBNP was then promptly reduced to 15 mmHg (LBNP 15 ), which was maintained for 6 min. Final measurements were performed at 6 min after the LBNP was terminated (after LBNP) (Fig. 1 Capnography (ADU Care Station) was used to keep the end-expiratory CO 2 within normal range during tripled tidal volume breathing. During normal tidal volume breathing, the volunteers were asked to relax and breathe in their normal manner. When tripling their tidal volume, the participants were instructed to breathe calmly and lower their respiratory rate to avoid hypocapnoea.
Haemodynamics
The effect of the LBNP on the circulation was assessed with noninvasive arterial blood pressure and heart rate monitoring (Finometer Midi; Finapres Medical Systems, Amsterdam, the Netherlands). The measurements were not timed to a specific respiratory phase.
A Vivid E-9 echocardiograph (GE Healthcare, Wauwatosa, Wisconsin, USA) with a transthoracic 4 MHz probe and a single 2.5 MHz Doppler probe was used to measure stroke volume (SV) from the jugulum/ suprasternal view. 9, 10 All measurements were carried out by one experienced cardiologist at the same phase in the respiratory cycle. The valvular velocity time integral (VTI) was analysed during three consecutive heartbeats in late inspiration, and SV was calculated as the subvalvular area Â VTI. SV was measured just before LBNP, after 5 min of LBNP 40 , 4 min of LBNP 15 and 1 min after the LBNP was terminated in each of the four breathing modalities. Cardiac output (CO) was measured as the product of heart rate and SV, and total peripheral resistance was measured as the mean arterial pressure divided by CO.
The aortic outflow signal was sometimes difficult to accurately assess when PEEP and/or tripled tidal volume was applied. Therefore, the SV before and during the LBNP was measured in at least one (median two) of the four breathing modalities, and the mean change in SV for all breathing modalities is reported.
The increase in calf venous blood volume (ml 100 ml À1 ) was continuously measured with mercury-in-silicone strain-gauge plethysmography (Perivasc Software; Ekman Medical Data, Gothenburg, Sweden). 11 
Statistics
Power analysis showed that 14 participants would detect a difference in PVI of 9% with a power of 80%. 12 The calculation was based on a previous study of spontaneously breathing volunteers in which the PVI at rest was 21 AE 6% [mean AE standard deviation (SD)]. 13 Statistical evaluation of the data included repeatedmeasures ANOVA followed by the Scheffé test to determine whether there was a change in the pulse oximeter and haemodynamic data at the different hypovolaemic stages and for the spontaneous breathing modes. Two-way ANOVA was applied for pooled analysis of the effects of the LBNP levels and respiration modes on the PVI. The level of significance was P < 0.05.
Results
Fourteen healthy participants, eight men and six women, were included in this experimental study. Mean height for men was 186 cm (range 178 to 193) and for women 167 cm (157 to 182). Mean weight for men was 78 kg (67 to 86) and for women 65 kg (52 to 80).
Effects of lower body negative pressure Application of LBNP significantly increased the PVI (mean AE SD) from 23.5 AE 5.9% at baseline to 27.9 AE 9.3% at LBNP 40 (P < 0.01), heart rate from 66 AE 10 to 90 AE 14 beats min À1 (P < 0.001) and calf venous blood volume (P < 0.001), whereas the perfusion index decreased (P < 0.01), cardiac index (CI) decreased from 2.4 AE 0.5 (baseline) to 1.7 AE 0.6 l min À1 m À2 (LBNP 40 ) (P < 0.001) and systolic arterial pressure decreased from 120 AE 16 to 105 AE 15 mmHg (repeated-measures ANOVA (P < 0.001); pooled breathing modes, n ¼ 56). Further numerical data and posthoc analyses are given in Table 1 .
Respiration Two-way factorial ANOVA was used to study whether the breathing mode enhanced the ability of the PVI to detect the central hypovolaemic state induced by the LBNP (Figs 2 and 3) . The degree of LBNP (P < 0.028) was a statistically significant predictor of the PVI (P < 0.028), whereas the breathing mode (P < 0.41; n ¼ 224) was not.
When the breathing modes were analysed separately, the only mode able to distinguish between the LBNP pressures was PEEP combined with tripled tidal volume. More specifically, a statistically significant difference in the PVI was found between baseline and LBNP 40 (Table 2) .
Changes in pleth variability index and stroke volume The volunteers were divided into two groups based on a reduction of the SV of more (group A) or less (group B) than 10% between baseline and LBNP 40 , and between baseline and LBNP 15 . The increase in the PVI, taken as the mean at the four ventilatory modes, then differed significantly: The increase obtained was 5.3 AE 4.7 in group A (n ¼ 27) and À0.6 AE 8.8 in group B (n ¼ 10) (P < 0.013). Discrimination was slightly improved when only the PVI measurements performed with PEEP and tripled tidal volume were considered; the corresponding figures were 8.2 AE 7.5 (group A) and À1.1 AE 9.9 (group B) (P < 0.0045). When studying a reduction of SV of more or less than 20%, the increase in PVI was 6.6 AE 4.3 and 1.0 AE 7.3 (P < 0.0078), respectively, and for the measurements using PEEP and tripled tidal volume, 10.3 AE 7.5 and 1.2 AE 8.3 (P < 0.0014).
Discussion
LBNP-induced central hypovolaemia caused the greatest haemodynamic changes at 40 mmHg. Redistribution of blood from the central circulation to the legs was associated with a 29% decrease in the CI and a significant increase in calf volume. As found previously, 5 a hypovolaemic state significantly raised the PVI when the volunteers breathed spontaneously. However, the numerical change was modest; the average increase was from 23% to almost 28%. Overlap was significant giving no possibility of safely diagnosing a hypovolaemic state based on the PVI in an individual volunteer (Fig. 3) .
The ability of the PVI to distinguish between normovolaemia and hypovolaemia was not improved by modifying respiration with added PEEP and/or by markedly increasing the tidal volume. Both changes in respiration might be expected to increase the intrathoracic pressure variation and promote more consistent pulse wave variations in the presence of hypovolaemia. However, this did not occur, except for a few outliers (Fig. 3) . Hence, PEEP and tripled tidal volume did not, alone or in combination, make the PVI a clinically useful discriminator between normovolaemic and hypovolaemic states as induced by LBNP in actively breathing conscious volunteers. In a similar set-up in the spontaneously breathing pig, hypovolaemia of 30% could be detected by arterial blood pressure variations when PEEP of 7.5 mmHg was applied.
14 PVI was not included in that study, but arterial and pulse oximetry waveform amplitudes correlated strongly. 1, 2 LBNP is an excellent model for hypovolaemic circulatory stress. 15 The negative pressure rapidly decreases the central blood volume, and, within a few minutes, almost exclusively venous blood is pooled in the lower part of the body. 16 The relationship between LBNP and the volume sequestered in the lower body is a multifactorial function depending on the size, compliance and vascular compliance of the lower body. The resulting cardiovascular responses are functions of the residual central volume and numerous physiological compensatory mechanisms. Responses to LBNP also depend on age, body size, physical conditioning, hydration and sex. LBNP 40 roughly corresponds to a blood loss of 500 to 1000 ml. 17 In the present study, the LBNP was followed by measurable haemodynamic changes, including tachycardia and reduced SBP and pulse blood pressures, supporting the presence of hypovolaemia. The existence of a certain degree of variability in the degree of central hypovolaemia induced by LBNP must still be acknowleged. 18 In the present study this variability was indicated by the cardiac SV response. Indeed, a clear rise in PVI occurred in volunteers who responded to LBNP with a decrease in SV by 10% or more, whereas no change occurred in those having a smaller change in SV. Although the difference was statistically significant, overlap was common preventing clinical application.
The reasons why central hypovolaemia might be indicated by PVI deserve a comment. Venous return, and ultimately left ventricle SV, is affected by the pressure gradient between the right atrial pressure and the mean systemic filling pressure. As the intrathoracic pressure is transmitted to the right atrium, variations in airway pressure contribute to variations in SV. High or prolonged negative intrathoracic pressure promotes venous return, whereas high or prolonged positive intrathoracic pressure impairs venous return. The variations in venous return contribute to the variations in SV, which are indirectly assessed by the PVI. In the hypovolaemic state, the variations in venous return become more pronounced, which is the basis for the assessment of fluid deficit by haemodynamic measures such as SV variation, pulse pressure variation and the PVI.
Respiratory distress, such as obstructive lung disease, can also be assessed by pulse oximetry based on its influences on SV variation. 19 During normal tidal breathing the intrathoracic pressure changes are small, ranging from approximately À1 cmH 2 O during inspiration to þ1 cmH 2 O during expiration. During maximal inspiratory or expiratory effort these pressures can decrease or increase by a factor of almost 100. At normal tidal volume breathing combined with PEEP, the positive intrathoracic pressure during expiration impairs venous return. During inspiration there is no PEEP effect and the negative pressure is equal to normal tidal volume ventilation. Spontaneous breathing with PEEP might even increase mean inspiratory flow and reduce inspiratory duration. 20 As the pressure differences between inspiration and expiration are increased, variation in venous return will increase over the respiratory cycle with a concomitant increase in variation affecting SV and most probably the PVI. When tripling the tidal volume, the participants decreased their respiratory rate. A prolonged inspiratory phase with prolonged and/or higher negative pressure increases both venous return and variations in SV over the respiratory cycle. The breathing pattern PEEP and tripled tidal volume combines the effect of increased venous return during inspiration and impaired venous return during expiration, thus increasing the cyclical SV variations even more.
Cardiopulmonary interactions in spontaneous breathing patients differ greatly from those observed in controlled
The effect of PEEP and tidal volume on PVI 675 positive pressure ventilated patients. The irregularity of spontaneous breathing with varying frequency and tidal volumes from breath to breath, together with smaller variations in intrathoracic pressure, has brought into question the use of the PVI in this setting. 4 However, some studies suggest that there is the potential for the PVI to detect hypovolaemia during spontaneous breathing. Keller et al. 5 showed that the PVI increased significantly from 18 to 25% (mean) in volunteers when their position was changed from leg elevation to a semirecumbent position. There is a significant correlation between PVI measured before general anaesthesia is induced and the subsequent decrease in mean arterial pressure from administration of a propofol bolus, indicating an association between PVI and a hypovolaemic state. 6 However, the fact that PVI is consistently high with a wide range during spontaneous breathing at rest in this study (23.5 (5.9)%) as well as in others, 5, 7 suggests that factor(s) other than hypovolaemia greatly contribute to the PVI measurements. For instance, fluctuations in vasomotor tone for a variety of reasons alter the pulse oximeter waveform amplitude and influence PVI. 21 We chose to investigate the breathing modes separately and change the levels of LBNP during one breathing mode at a time. Repeated LBNP trials on the same participant show parallel haemodynamic responses, including SV 22 and level of venous pooling and capillary filtration in the lower limbs. 23 A period of training when the respiration pattern was changed was necessary to adjust the breathing with a tripling of the tidal volume without hyperventilation, and was also helpful to adapt breathing against PEEP. For many of the participants, it would probably have been difficult to take instructions and change the breathing pattern during LBNP of 40 mmHg. During LBNP venous pooling represents approximately two-thirds of the volume increase in the calf and capillary filtration one-third (8 min LBNP 44 mmHg). 24 If we had changed the respiratory pattern during one single application of each LNBP level, a period of stabilisation of the PVI signal would have been necessary after establishing a new breathing pattern, and we estimated that a period of 15 to 25 min at each LBNP level would have been needed. As the capillary filtration is an ongoing linear process, the hypovolaemic stimuli would have been doubled after 16 min of LBNP (LBNP 44 mmHg). 24 Those who responded to LBNP by a reduction in SV by more than 10% had an overall greater increase in the PVI than the others. Hence, changes in the CI and the PVI showed a slight inverse relationship, which is the basis for the fact that the PVI can assess fluid responsiveness in controlled positive pressure ventilated patients in intensive care 25 and during surgery, [26] [27] [28] [29] although only one study thus far has demonstrated an effect of PVI monitoring on clinical outcome after surgery. 3 The only study that has evaluated the effect of volume loading on the PVI and CO during spontaneous breathing concluded that the PVI is a weak predictor of fluid responsiveness, 5 and our study supports this.
A limitation of our study was that the hypovolaemic state was induced by LBNP and not by active withdrawal of a measured amount of blood. Hence, the degree of inflicted central hypovolaemia might have varied among the participants, adding to the variability of the PVI response. The circulatory variables systolic arterial pressure, diastolic arterial pressure, mean arterial pressure and heart rate are rapidly affected during the first 1 (sometimes upto 3) min of LBNP, but remain stable during the following phase of LBNP, lasting for 8 min. 30 It is most probable that the SV also is stable for the same period, although we did not measure this.
Another limitation is that we used only one level of increased tidal volume. By asking the participants to provide five vital capacity breaths in a row with maximal effort, we could possibly have established a positive PVI reference value. Our study is also limited by the fact that we did not measure the intrathoracic pressure by, for example, an oesophageal catheter, as this is the driving force for the dynamic circulatory responses. Variations in breathing patterns could have created different levels of internal PEEP additional to the effect of the external PEEP resistor. However, instructions and measurements were kept reasonably simple, as the aim of the study was to find a clinically useful method of identifying whether or not patients are in a hypovolaemic state.
In conclusion, the PVI increased significantly for higher LBNP, but overlap was common regardless of breathing mode. The PVI can be used to indicate a hypovolaemic state during spontaneous breathing in groups but not in individuals.
